Abstract. Tightly coupled mitochondria have been prepared from a variety of plant sources: white potato (Solanum tuberosum), Jerusalem artichoke (Heliantus tuberosus), cauliflower buds (Brassica oleracea), and mung bean hypocotyls (Phaseolus aureus). Mitochondria with no appreciable coupling were also prepared from skunk cabbage spadices (Symplocarpus foetidus).
From low tem!perature difference spectra carried out under particular experimental oonditions, it can be deduced that these mitochondria contain 3 b cytoehromes whose a bands are located at 552, 557, and 561 mi,, and 2 c cytochromes, one of which, a cl-like cytochrome, is firmly bound to the mitochondrial membrane. Cytochrome oxidase can be optically resolved into its 2 components a and a.
For all kinds of mitochondria, the rates of oxidation of succinate are similar as well as the turnover of cytochrome oxidase sec'1), regardless of the metabolic activities of the tissues. The number of mitochondria per cell appears to be the controlling factor of the intensity of tissue respiration.
Higher plant tilssues are characterized by a grea'ter number of components in the mitochondrial respiratory chain than i,s the case wi'th animal tissues (6, 7, 37, 44) . Some components (cytochrome f, cytochrome b, ), are presen(t only in ohloroplasts and play a role in photosynthesis (28) or are a'ssociated with the microsomal fraction of the cell (41) . However, there s!til,l exists some confusion in the literatuire about the number and the identity of the cytoohromes that are generaIlly found in higher plant mitochondria. Thtis, in 1951, Bha.gvat and Hill (5) , extending the work of Keilin (33) , found that the resspiratory chain in the mittochondria o,f a nuimber of plant materials wa's simi,lar to t'hat of animal tissues and consisted of cytochrome oxi'dase, cytochrome b, and cytochrome c. Later, Martin and Morton (41) , and Wiskich, Morton, and Martin (50) found that the respiratory clhain of plant mitochondria consisted of cytochromes b, cl, c, a, and a3. To this sequience, Lundegardh has added cytochrome b3 (38, 39, 40) , a soluble cytochrome first described by HiIll and Scarisbrick (29) . Bendall and Hill (4) and Bendalil (2) ihave suggested that cyto'chrome b7, an 1 This work was supported by a grant from the National Science Foundation. 2 Present address: Laboratoire de Biologie Vegetale 4 , Faculte des Sciences, Universite de Paris, France. autooxidizable component, is part of the respiratory chain of plant tissue's that exhibit a cyanide insensitive respiration such as the spadices of the flowers in the Aroid family. Finally, with improvements in the observation techniques, the broad asymmetric band, originalfly attributed to cytochrome b, has been reso,lveid into a ntumber oif components and the characterization or isolation of different types of b cytochromes from plant mitochondria has been reported (1, 6, 7, 32) . This paper will present evidence that the cvtochromes characteri,stic of higher plants consist of 3 b colmponents, one of which i,s b7, but the otlher 2 are neither b nor b3, 2 c components, one of which is not cl, and cytochrome oxidase (cyto'chrome a and cytochrome a3). The (20) . However, necessary adjustments had to be made to take into account the fact that the absorption peaks of plant electron carriers are not always the same as those of simitlar carriers of animail mi;tochondria.
The identifi'cation of the various cytochromes present in plant mitochondria was best performed at liquid nitrogen temperature (77°K). The oxidized and reduced samples were placed in a 3 mm light path cuvette and cooled in a Dewar flask filled with liquid nitrogen during the scanning of the spectrum (6, 21) . Low temperature brings a higher resolution as wdlHl as an enhancement of the absorption peak. By scanning the same sample, first at room temperature and then at low temperature, it is possible to measure the magnitude of the low temperature en'hancement and, by using the same extinction coefficients as before (20) , the concentration of the various carriers can be obtained from the low temperature spectra. However, as the peaks of the pigments are overlapping each other, and als the enhancemenit is not uniform over the whole spectrum, the resulits obtained tunder these conditions are only estimates and mutist be regarded with caution (see Results). Although there have been some ten'tative determinations of extinction coefficients for cytochrome b (42) (20) have been u'sed in this study. The use of these extinction coefficients limits the accuracy of our results, but in point of fact the error cannot be very large because of the remarkable constancy of these coeffi-cients in the range of 16 to 23 mM'cmfor the a-bands of most known cytochromes.
Results and Discussion
Quantitative Determination of Electron Carriers at Rooml Temperature. Figure 1 shows a series of room tempera,ture difference spectra obtained with Jerusa,lem artichoke mitoohondria. The tipper spectrum shows a clear identification of the cytochromes after reduotion by dithionite. The a!bsorption peak of cytochrome oxidase (cytochrome a + cytoohrome a3) is located at 602 mju, a few mjm closer to the blue region of the spectrum than cytoc-hrome oxidase from animal mitochondria whose a-band is generally found at 605 mu (52) . T. Table I . Respiratory Chaint Comtponents of Plant Mitochlondria The concentrations of the different electron carriers are determined from room temperature difference spectra between a dithionite reduced preparation and a similar one maintained oxidized by 02 bubbling (fig 1, upper trace) . The concentrations are measured using the wavelengths (sliightly modified) and absorption coefficients of Chance and Williams (20) Wthen expressed on a relaltive basils (table II) , takinig the cytochrome c concentration as the unity, the resullts show that for most of the mitochondria there is roughly 0.7 of each cytochrome oxidase (cytochrome aa3) and cytochrome b for 1 cytochrome c, 3 to 4 flavoprotein's and 10 to 15 pyridine nucleotides. The stoichiometry of the different electron carriers found in plant mi,toch-ondria is simillar to that reported for animal tissues, though the concentration of the pyridine nuoleotides seems to be slightly lower (15, 16, 18, 20 ponent. In the 'succinate reduced preparation (middle spectrum), the 3 b cytochromes are less reduced than in the presence of dithionite. This is shown in the fact that the a-and 8l-bands of the b cytochromes are lower than in the dithioiiite reduced preparation. Finally, in the presence of actimvcin A (lower trace) the ispectrtum slhows a 3-peaked a-band and a 2-peaked f8-band, cilearly identifying the peaks at 552, 557, and 561 my as belonging to the b group of cytochromes.
In the Soret region (fig 3) , cytochrome oxidase shows a typi,cal double peak at 437 and 445 tnu (upper trace). The y-band of cytochrome b is located at 427 m,. The intensity of this band is reduced in the presence of stiiccinate (middle trace). Under these conditions cytochrome oxidase appears as a peak at 445 mp with a shoulder around 437 my.
Finally, in the presence of antimycin A, a sing-le peak at 428 mnu i,s common to aLl the b cytochromes (lower trace).
From the 'low temperatture spectra, it is possible to get an estimation of the concentrations of the different cytochromes (17) . However, as the intensificaltion of the peaks is not uniform over the whole spectrum (21) , only the part of the spectrum containing the oa-and f8-bands of the respiratory pigments has been ulsed (fig 2) . On the average, the intensification factor, meastured for each preparation from 2 determinations made at room and liquid nitrogen temperatures on the same sample, is rather tuniform and in the range of 6 to 7. The concentrations of the various cytochromes measured in that way are given in (fig 2, upper trace) . The same absorption coefficients as for room temperature determinations are used (20) but are corrected for the low temperature enhanicement (see exptl procedures). The subscript for each cytochroime b refers to the position of the peaks in the low temperature difference spectra (fig 2) . Other All the values reported in tables I and III are based on difference spectra obtained after reduction by hydrosulfite. While ireduction by succinate gives about the same extent of reduction for cytochrome oxidase and cytoohrome c, the b cytochromes are less reduced than in ,the presence of hydrosulfite (fig 1, 2, 3) . The extra reduction brought about by the addition of hydrosulfite to a succinate reduced preparation is generally in the order of 20 to 30 %. However, the real question is whether hydrosulfite reduces the b cytochromes mnore completely than does anaerobiosis induced by succinate, or if it affects some other comrponent absorbing in the same region. A olue to thils answer is given in figure 4 , which represents a difference spectrum between a dithionite reduced and a succinate reduced preparation of Jerusailem artichoke mitochondria. This -spectrum only shows a broad a-band centered around 554 m;u, a slight fl-band arouniid 525 mju, and a single Soret peak a:t 425 mju. In no case, however, with all types of mitochondria used in this study, was it possible to obtain a typical 3 'peak absorption band in the at region similar to that given by an antimycin A spectrum (. fig 2) . It t;herefore seems likely that the extra reduction indtuced by dithionite affects some other component than the different b cytochromes (7, 14) . In that case, the vailues reported in tables I and HI for the cytochromes b should be lowered by a factor of aboult one-third.
The a-a3 Component of Plant Mitochondria. Though the existence of 2 componenbs in cytochrome oxidaise has been a controversial quiestion for a long time, it is now most generalily agreed that cytochrome oxiidase consists of 2 spectrolphotometrically identifiable components, a and a3, even if it has not been possible to isolate 2 chemically dif.ferent entities thus far (52, 53) . Recently, Bendall and Bonner described some optical properties of plant cytochromne oxidafse (3). The optical separation of the 2 components a and a3 can be achieved under particular conditions in the presence of cyanide or azide, which form complexes with cytochrome a3 only (3, 34, 49 (6, 32) .
Plant mit'oohondria differ from animail mitochondria by the number of their b-type cytochromes. Low temperature spectra clearly show 3 absorption peaks (552, 557, 561 mJL) in the a-band, 2 peaks (525, 5.34 m,) in the 8-band and a single Soret peak (428 mn,) (figs 2 and 3). This indicates that ulp to 3 cytoc'hromes b could be operational in plant mito,chondria. None of them has been isolated in pure form so far, except for tihe coimponent whose low temperature absorption peak is a't 557 mu, which has been partially purified (1) and 2 o'ther b-type cytochromes which have also been purified from solutble or particulate fractions from mung beans (32, 42, 43) . Therefore it seems likely that the absorption peaks at 552 and 557 m1u really belong to 2 different b cytochromes.
The *cytochrome c1-like componen't can only be demonstrated after all the cytochrome c has been removed from the mitoahondria by extenisive washing (9) .
Mitochondria from Jerusalem artichoke have been thoroughily washed for 12 hours in a phosphate buffer (pH 7.2, 0.1 M) with gentle stirring. Under these conditions, cytochrome c goes into soilution and can be separated from the bulk of the mitochondria by high speed centrifugation (20,000 g ). The lower trace of figure 6 represenfts an ascorbate reduced minus a ferricyanide oxidized difference spectrum of such an extract of Jerusalem artichoke mitochondria. Thiis spectrum shows a sharp asymmetrical a-banid at 547 m,u, a a-band at 515 my, and a Soret peak at 415 mu. Generally, in mitochondrial preparations, the Soret peak of cyto- The above remarks show that cytochrome c] cannot be spectroscopically identified and measulred at room temperature in intact plant mitowhondria as it has been reported in the literaltutre (38, 40, 41, 50) . The broad aibsorption shoulder around 553 mju at room temperature is more likely to be contributed by a b-type cytochrome rather than by a c1-like -cytochrome. Nothing is known o!f the role in electron transport of the c1-like plant cytochrome which can 'be identified at low temiperatture after -the removail of cytochrome c.
-It should also be noted that in their identification of cytoohrome c in particulate preparations from higher plants, Bhagva,t and Hi1l (5) (46) , are aliso included in tajble IV. It is apparent that there is a relative independence between the activities of the mitochondria and the nature of the tissues from which they have been extracted. Some of these tissues are storage organs withl a low meta;bolic activity (Jeruisalem artichoke, potato), some are actively growing and respiring ti'ssues (mung bean, Caulifilower buds). In particular, one of them, the skunk cajbbage flower, belongs to a plant family which exhiJbit one of the highest respiratory rates in the plant kingdom (24) . (12, 16, 18, 36, 51) . In fact, when carefullily prepared, plant mitochondria are generally more active than mi'tochondria derived from animal tissue (30) .
The fact that the electron carrier components and the respiratory activities of the plant mitochondria studied here are 'rather uni,form, wi,th no *relation to the metabolic activities of the tissues from which they are derived, strongly suggests that the respiratory activities of most plant tissues depend on the ntum-ber of mitochondria per cell rather than on some qualitative or quantitative di'fference in mitochondrial catalysts. Thi's i's also exemplified by the fact that the yield in mitochondria of some 50 g of skunk cabbage spadices is roughly equivalent to those of 2 kg of mung beans or 8 kg olf potatoes.
The uniformity of mitochondrial composition and activities could also be related to some 
